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Abstract 
The study on the heat transfer mechanisms through the aluminium foam with a fluid in void cells of that foam was 
reported in this paper. Based on laboratory experiments, the effective thermal conductivity coefficient values were 
found for various type aluminum foams which had been filled up with a gas or a liquid. The significant effects were 
observed from porosity as well as from metal and fluid properties on the heat transfer capacity in a foam-fluid 
system. The convective heat transfer phenomenon was identified to occur in the foam cellular space. That 
phenomenon affected the effective thermal conductivity much more for liquid-filled foams than for gas-filled foams. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
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1. Introduction 
The possibility of using open cell metal foams in the construction of industrial process equipment has 
been attracting more and more attention from the late 1990s. Although those materials have been known 
since more than 60 years, yet it was only at the end of the last century when the foam manufacturing 
processes were improved to such a level at which it became possible to produce big volumes of high 
quality materials. The manufacturing costs were reduced at the same time. The structures of open cell 
metal foams are typical for other open cell cellular materials.  
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Nomenclature 
 
keff effective thermal conductivity coefficient, W/(m·K) 
k thermal conductivity coefficient, W/(m·K) 
q heat flux density, W/m2 
s thickness, m 
t temperature, qC 
't change of temperature, K 
H porosity, - 
K dynamic viscosity coefficient, Pa·s 
U density, kg/m3 
Subscripts/Superscripts 
b aluminium block (with heating/cooling) 
f fluid 
mf metal foam 
s foam skeleton 
 
The cellular skeleton in those materials is formed by inter-related fine metal ligaments, the lateral 
dimension of which is a few times lower than the cell size (Fig. 1). That structure provides a very high 
porosity value for the foams – conventionally 88÷98 %. 
High porosity and a high number of “windows” between the adjacent cells allows for a relatively 
unrestricted flow of fluids through metal foams. That quality makes open metal foams attractive and 
hence more and more frequently used as packing beds in flow heat exchangers and mass transfer 
equipment [1-4]. Most processes in which metal foams are employed are non-adiabatic processes. Thus, 
thermal conductivity makes one of the most important features of those foams. 
Heat transfer through metal foams is a pretty complex process as it takes place in a medium in which 
two phases can be identified – a solid cellular skeleton and a fluid which fills up the cells. Low thermal 
conductivity of fluids (and especially of gases) is responsible for the fact that heat transfer through metal 
foams is much inferior in relation to the solid material of the skeleton. Relatively big cells are favourable 
for the convective heat transfer in a fluid (natural convection). Additionally, radiation may be of great 
importance at high temperatures. Heat is hence transferred through metal foams not only by thermal 
conduction, and the rate of heat transfer in a skeleton-fluid system is described in the same way as for 
other porous materials, i.e. with the use of the effective thermal conductivity coefficient keff. Since the 
number of factors which add to or reduce the rate of heat transfer through cellular materials is high, keff 
may not be dealt with as a material constant even for foams which have been produced of the same metal. 
It is hard to define unequivocally the effects of individual heat transfer mechanisms on effective heat 
transfer in a foam-fluid system. Relatively few research studies have so far been conducted on heat 
transfer through open cell metal foams [1,2,5-12] and researchers arrived at conflicting results in many 
cases.  
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Fig. 1. (a) Appearance of AlSi7Mg foam – 30 PPI; (b) Microscopic image – 15×. 
For example, Zhao et al. [12] observed a distinct increase (about 3×) in thermal conductivity of steel 
foam within the temperature range 30 ÷ 500qC. That was not confirmed by the authors of [13 and 14] 
who noted keff to increase by a few percent only over the same temperature range.  
According to the opinion which is prevalent in literature reports, the highest impacts on the heat 
transfer capacity of open cell metal foams come from the foam skeleton material and from porosity. 
Thermal conduction of metals is many times higher than that for fluids, hence heat travels principally 
along the solid phase. Some researchers, e.g. the authors of [15, 16], are of the opinion that the presence 
of a fluid in foam cells may be simply neglected. As far as that simplification seems acceptable in case of 
foams which are filled up with a gas, it may produce a much underrated value of the effective thermal 
conductivity coefficient in case of liquid-filled structures/foams. Boomsma and Poulikakos [5] 
demonstrated that a liquid may improve the value of keff by as much as a few tens percent (in relation to a 
foam which is tested under vacuum). The role of a liquid grows up when the ratio of thermal conductivity 
values for the skeleton and for the fluid (ks/kf) declines, and when the porosity factor increases. The void 
volume between the skeleton filaments is higher in high porosity foams and more heat needs to be 
transferred through a fluid. According to [1,8], thermal conductivity of metal foams decreases in 
proportion to their porosity values.  
The question of the cell size effect on the foam effective thermal conductivity is more controversial. 
According to Bhattachary et al. [1], the cell size has absolutely no effect on heat transfer in the foam-fluid 
system, while the authors of [8 and 17] reported lower and lower keff values for the decreasing cell size (at 
constant porosity). What is especially noticeable is the lack of an experimental database which would be 
sufficiently extensive to support a complex description of thermal conductivity in a foam-fluid system. 
That makes a fundamental problem since the cells in open cell foams may be filled up with various type 
fluids in practice, while the effective thermal conductivity studies on metal foams involve foam-air 
systems in most cases, and less often water is used as the cell-filling fluid. No other liquids are used in 
tests in practice. Moreover, no information is available on the effect(s) of possible liquid convective 
movements on heat transfer in the foam internal volume.  
Having taken the above facts into consideration, it was found advisable the evaluate the effects of the 
fluid properties on the heat transfer mechanisms in a foam-fluid system. That evaluation was prepared on 
the basis of the experimental results. 
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2. Experimental 
The direct objective of the experiments was to determine the effective thermal conductivity coefficient 
in various foam-fluid systems. That quantity was determined under stable heat flow conditions through 
the test systems. 
The study involved three types of aluminium foams and three fluids; those components were used to 
form test systems with diversified heat conductivity performance. The foams had similar porosity 
specifications and similar geometrical structures. However, they were characterised by different pore 
packing density (20, 30 and 40 PPI), hence their cell sizes were different. The foams were produced by 
foaming two aluminium alloys: AlSi7Mg and Al 6101. 
Air, water and spindle oil were used as liquids which fill up the foam cells. From the viewpoint of the 
subject of the study, the differences in thermal conductivity parameters of those liquids as well as in their 
densities and viscosities are the most essential issues – in the aspect of convective movements. The 
parameters which were specific for the materials used in experiments can be found in Table 1.  
Table 1. Specification of test foam-fluid systems (at 20 qC) 
Parameter Foam 
20 PPI 30 PPI 40 PPI 
skeleton material AlSi7Mg AlSi7Mg Al 6101 
H,  - 0.934 0.943 0.929 
ks,   W/(m·K) 151 151 203 
 Fluid 
air oil water 
kf,   W/(m·K) 0.025 0.128 0.599 
Kf,   Pa·s 1.82∙10-5 3.2∙10-3 1.0∙10-3 
Uf,   kg/m3 1.164 813.0 998.2 
2.1. Test stand, research domain and methods 
Fig. 2 shows the test stand. The test aluminium foam sample, in the form of a disc (52 mm in diameter 
and 15 mm high) was placed between two cylindrical aluminium blocks with the same diameter as the 
foam sample disc. The skeleton filaments were stuck together with the blocks with the use of a heat-
conductive epoxy-aluminium glue in order to reduce the heat transfer resistance at the sample-to-block 
contact surfaces. The outward facing surface of one of the blocks was provided with the electric heating 
system, and the corresponding external surface of the other block was cooled down with water. A flat 
disk-shaped resistance heater made the block heating element. Both the blocks, the test foam sample, the 
heater and the cooler were placed in the polyurethane insulation element to minimise the heat loses to the 
environment. Holes were drilled in the blocks and 12 type K thermocouples with the diameter of 1 mm 
were placed there. They were used to record the temperature changes at three levels of the test stand. Four 
thermocouples were located at both sample-to-block contact surfaces (level II and III). Another 4 
thermocouples were installed at the distance of 51 mm from the foam sample (level I). 
The thermocouple tips were arranged at various distances from the stand vertical axis to study the 
temperature distribution profile over the cross-section. Additionally, 4 thermocouples were located on the 
insulation external surface – the read-outs from those points made it possible to determine heat losses. 
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The thermocouples were connected to special multichannel measuring modules which were provided with 
the reference temperature stabilisation-correction systems. Those modules, together with a PC, formed 
a data collection system which made it possible to observe the real-time temperature changes at individual 
points and to record the results on a data storage medium. 
The temperature measurement system was subjected to calibration before tests. All thermocouples 
were verified for their performance at two temperature levels, i.e. at the ice melting and water boiling 
points. After calibration, the indication of all thermoelements fell within ± 0.2 K with reference to the 
calibration temperature. 
Measurements were taken at four different temperatures for each foam-fluid system, and in two 
arrangement as regards the heat transfer direction: heating was first applied from the top and then from 
the bottom. The temperature was changed by adjusting the heating element power. In order to change the 
heating power, the heater supply voltage was modified and the result was verified with the use of a 
voltmeter and an ammeter which were integrated in the supply system. 
  
 
 
Fig. 2. Test stand diagram 
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After the heat transfer conditions got stabilised, the temperature values were recorded for all 
measuring points in the system. The system was assumed to have stabilised when the temperature 
differences between the levels I, II and III remained the same over at least 15 minutes. As the heat 
capacity of the test stand was high, each measurement took more than 90 minutes in practice. Two 
measurement series were performed for each foam-fluid system with the increasing temperature profile, 
and one series with the decreasing temperature profile.  
The uniform rate of heat removal from the system was provided by means of cooling water: its 
temperature and flow rate were kept constant. The water flow rate was measured by the electronic turbine 
flow meter, and the temperature monitoring was based on a thermocouple operated at the water inlet to 
the cooling element 
3. Analysis of test results 
The heat flux density along the test stand axial direction jest was assumed to be a function of height 
only and to be constant over the cross-section of both the aluminium blocks and test foam. That 
assumption was affirmed by the observed temperature distribution. The read-outs from thermocouples 
located at the same level within the stand were different by not more than 2 %. The heat conduction 
conditions were presented in Fig. 3. 
The effective thermal conductivity coefficient for the tested foam-fluid systems was established from 
the temperature changes, thermal balance of the test stand, and the Fourier law. In accordance with the 
Fourier law, the specific heat flux for the heat transfer from level I to level II equals to 
 
qII = kb (tI – tII) / sI-II .  (1) 
 
Hence, the temperature values as measured at levels I and II, and the known value of thermal 
conductivity for aluminium blocks kb, make it possible to calculate the values of qII.  
From the heat balance, the metal foam and fluid in its void space transfer the amount of heat qII minus 
heat losses qstr,mf (at the foam level) 
 
qmf = qII – qstr,mf (2) 
 
At the same time, that amount of heat is equal to 
 
qmf = (keff 'tmf )/ smf , (3) 
 
which allows to determine the effective thermal conductivity coefficient for the foam from eq. (4) 
 
keff = (qmf smf)/'tmf . (4) 
 
Since the heat flux density qIII may be assumed to be equal to qmf, the temperature drop over the foam 
bed is described by the equation 
 
'tmf = (tII – tIII) – [(qII sII + qIII sIII)/kb]. (5) 
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Fig. 3. Graphic interpretation of heat transfer conditions 
The values for temperatures tI, tII and tIII were taken as the arithmetic mean values for the 
measurements indicated by thermocouples located at the respective stand levels. 
The amount of heat lost to the environment qstr,mf was calculated on the basis of the average fluid 
temperature 
 
tf = (tII + tIII)/2. (6) 
 
and the average temperature of the external surface of the insulation layer tiz – as measured at the foam 
sample level. The amounts of heat which were lost did not exceed 0.02qmf. 
3.1. Downward heat transfer – conduction 
The first measurement were taken for the test system heated from the top. The effect of possible 
convective movements of a liquid on heat transfer in the foam void space was minimised in that way, and 
the experimental value of keff was applicable to the conductive heat transfer mechanism only. The positive 
density gradient, which is in line with the heat transfer direction in this case, prevented the fluid from 
going up. 
As can be observed in Fig. 4, the highest value of the effective thermal conductivity coefficient was 
noted for the 40 PPI foam, i.e. the foam prepared with the use of the alloy with a clearly higher thermal 
conductivity (203 W/m·K) than the initial alloy for the 20 and 30 PPI foams (151 W/m·K). That was 
irrespective of the type of a fluid inside the foam cells. As regards the last two foams mentioned, a higher 
thermal conductivity was recorded for the system in which the 20 PPI foam was used. That can be 
accounted for by lower porosity of that foam, i.e. higher amount of a solid material in the system. 
The effect of the fluid employed on the heat transfer rate in a foam-fluid system is clearly apparent. The 
poorest heat transfer performance is noted for the systems in which the foam cellular space is filled up 
with air. When the cells are filled up with a liquid, the value of keff climbs up (Fig. 5). Although its value 
grows up by 2-3 % only for oil, yet water offers the growth of a dozen or so percent.  
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Fig. 4. Effective thermal conductivity coefficient for aluminium foams which had been filled up with: (a) air, (b) oil, (c) water 
(heating from the top) 
Despite the fact that the thermal conductivity of oil is five times higher than that of air, the 
contribution of oil to heat transfer is rather low. Heat is transferred predominantly through aluminium 
which is capable of transporting much higher heat fluxes: over 1000 times higher than oil and a few 
thousand times higher than air. 
The highest improvement (by 21 % in relation to air) in the value of the effective heat transfer 
coefficient was observed for the system composed of 30 PPI foam and water, i.e. for the system with the 
highest ratio kf/ks. The 30 PPI foam offers the highest porosity at the same time which means that the 
fluid in its cells plays a more critical role in the total heat transfer phenomenon. 
When the top heating arrangement is employed, the effective heat transfer coefficient values for 
individual foam-fluid systems are temperature independent in practice. The tests were conducted at the 
fluid average temperature from 28qC to 56qC. The changes in thermal conductivity values for fluids, and 
in particular for metals, are too low over that temperature range to be reflected by the values of  keff.  
Some small variations in the effective thermal conductivity coefficient values as visible in drawings 4 and 
5 should be connected with measurement errors which are specific for all experimental research 
programmes. Uncertainty for the value of keff is below 17 %. The error analysis was carried out for the 
equation (4) and for its related dependences by the total differential method 
 
1096   R. Dyga and S. Witczak /  Procedia Engineering  42 ( 2012 )  1088 – 1099 
 
Fig. 5. Effect of fluid type on the heat transfer coefficient value: (a) 20 PPI foam, (b) 30 PPI foam, (c) 40 PPI foam (heating from 
the top) 
Fig. 6 presents a direct comparison of the average values (mean of all results obtained at individual 
temperatures) for the convective heat transfer coefficient in all foam-fluid systems. 
 
 
Fig. 6. Effective heat transfer performance compared for individual foam-fluid systems when heated from the top 
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3.2. Upward heat transfer – conduction and convection 
Higher values of the effective heat transfer coefficients were obtained for all test systems when heat 
was supplied to foams from the bottom versus the heat supply from the top. Additionally, the effective 
heat conductivity increased at higher fluid temperatures and the scope of changes in keff was different for 
individual fluids (Fig. 7). That performance of the test system is indicative for the occurrence of the 
convective heat transfer mechanism in the fluid inside the foam cells, which as a consequence contributes 
to the improved effective heat transfer of the whole system. 
The observable effect of the convective heat transfer was the lowest for air. The effective heat transfer 
coefficient for the air-filled foams was higher by only about 5 % for the upward heat transfer than it was 
for the downward heat transfer. The amount of heat which is transferred through a gas is so small in 
relation to the amount of heat which is conducted through a skeleton material that even the additional 
convective heat transfer in a gas cannot change that relation considerably.  
The effect of heat convection was more prominent for foams with a liquid in their cells. As regards oil, 
the effective heat transfer at the lowest temperature (about 30qC) was by 7 ÷ 12 % higher than in tests 
with downward heat transfer. That difference was over 20 % for water-filled foams. Additionally, the 
effective heat transfer coefficient was growing quickly to follow the increase in temperature. 
 
 
Fig. 7. Effect of convection on the effective heat transfer in a foam at upward heat transfer conditions: (a) 20 PPI foam, (b) 30 PPI 
foam, (c) 40 PPI foam 
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At about 50qC, the water natural convection improved the effective heat transfer by as much as 80 %. 
It should be kept in mind, however, that the increased average temperature of a fluid resulted from a 
higher temperature of the foam heating surface, which in turn resulted from the assumed research method. 
And the temperature difference between the foam heating surface and foam cooling surface was just the 
driving force for the liquid circulation (i.e. convection) inside the foam cells. Moreover, higher 
temperatures reduce the liquid viscosity values which is additionally favourable for liquid circulation and 
heat transfer. On the other hand, higher temperatures increase the gas viscosity values which may be one 
of the reasons of a respectively low contribution from the convective heat transfer to the effective heat 
transfer in metal foams. 
4. Summary 
That experimental study confirms the dominant role of the foam skeleton in the heat transfer through 
a metal foam-fluid system. A fluid may however be considered a medium which is insignificant from the 
viewpoint of thermal conductivity and its presence inside the foam cellular structure may be neglected in 
case of gas-filled metal foams only. Liquids may not be considered negligible as their omission may 
produce considerable errors; a liquid can increase the value of the effective heat transfer coefficient in 
aluminium foams even by a dozen or so percent. The influence of a liquid increases together with the 
increasing ratio kf/ks and with the foam porosity. In case of metal foams which have been produced from 
alloys with thermal conductivity much inferior to that of aluminium, e.g. steel foams or nickel foams, the 
effect of a liquid may be considerably high. The presence of a liquid gains additional significance under 
conditions which allow for liquid circulation in the foam cellular space. The amount of heat which is 
transferred through liquid convection and its share in the total heat flux which is transferred through a 
foam-fluid system is controlled predominantly by the temperature in the cellular space and by the 
properties of the fluid. 
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